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Abstract 
Many assembly processes, particularly in the manufacture of large components, are still carried out by humans manually. In addition to 
rationalization aspects, high quality requirements, non-ergonomic activities, the lack of well-qualified workers etc. may require the use of 
automation technology. Through novel possibilities of human-robot-cooperation these challenges can be met through a skills-based division of 
labor. In this article an approach to process-dependent task assignment to human or robot is presented. The approach is based on a detailed 
analysis of the skills of humans and robots, in order to bring it into balance with the required product and process characteristics. 
© 2016 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Against the background of globalized markets, maintaining 
the competitiveness of manufacturing companies in high-
wage locations is an ongoing challenge. Highest quality 
requirements, the ability to respond quickly to market 
challenges, the control of variety as well as the reduction in 
production costs are the key strategies in order to survive on 
the market [1]. Until today, the assembly has over other areas 
a high proportion of manual work on the production [2]. 
Particularly in the area of large component assembly there are 
great potential for rationalization [3]. However, these do not 
consist in automating a maximum number of processes, as 
was the case in the 90s [4]. Current assembly concepts pursue 
the objective of „customized automation“ [5]. Through the 
ability of robotic systems to work in cooperation with 
humans, a whole new area of application in automation has 
exceled over the last years [6]. The decision for or against an 
automated process no longer needs to be carried out for each 
basic task, but instead can be specified up to specific tasks 
according to the specific human, respectively robots, skills 
[7]. Thus, tasks can be assigned needs-oriented and respond 
flexibly to changes in the state of production, all depending in 
the availability of equipment [8]. Planners are confronted with 
the challenge of a preferably efficient resource management 
in the context of reconfiguration planning or changing 
boundary conditions. Thus a skills-oriented assembly 
sequence planning is essential [9]. 
Previous papers on this issue have modeled extensively a 
high number of possible assembly sequences and mapped 
them, supported by software, on possible cooperation types. 
In practice it turns out that the predominant number of 
human-robotic-cooperation forms (HRC) are executed in 
autarkic or synchronized operation. Cooperating and 
collaborating operation forms have hardly been implemented 
mainly due to the difficulties in safeguarding the processes. 
This article presents a method which deduces the assembly 
sequence planning from the product and the process to the 
production equipment through a determination of a system 
configuration in order to implement a simplified skills-
oriented assembly sequence planning for autarkic and 
synchronized HRC-operating modes. Subsequently, the 
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method is validated using the example of an assembly process 
of the aircraft industry. 
2. State of the art / Related work 
The state of the art still corresponds mostly to the strict 
separation of working spaces of humans and robots. Through 
the market availability of a new robot generation which should 
be qualified for the direct human-robotic-cooperation due to a 
reduction of kinetic energy, a two-channel monitoring of the 
control as well as to different sensor concepts for collision 
avoidance, the concept of HRC has gained momentum. 
Thiemermann described, as Fig. 1 shows, the potentials that 
could be exploited through HRC [8]. 
 
 
Fig. 1. Potentials for Human-Robot-Cooperation [8]. 
There are now a number of producers with different models 
on the market. Some of the most prominent representatives are 
the budget-priced UR5 respectively UR10 from Universal 
Robot, the two-armed YuMi from ABB, the APAS from 
Bosch, which is equipped with a capacitive skin, as well as the 
LBR iiwa from Kuka, which disposes of highly sensitive 
force-tor que sensors in all axis. As industrial robots always 
constitute an incomplete machine, becoming only complete in 
combination with peripheral devices, like grippers, tools, 
sensors etc, according to DIN EN ISO 10218, they can be 
assessed against the background of a defined application 
scenario. Thus, the implementation of HRC critically depends 
on whether the necessary security conditions can be met [10].  
The preview of the TS ISO 15066 at this stage provides the 
specification for risk assessment procedures and supplies 
technical and biomechanical limits and guidelines for the 
technical documentation of HRC. Here, the specific features 
of robots designed to work with humans are taken into account 
[11]. 
Regarding the type of cooperation between humans and 
robots, Thiemermann distinguished four operating modes, as 
shown in Fig. 2 [8]. The temporal and spatial separation of the 
work of humans and robots represents the current state of 
technology. Working humans and robots at the same time, but 
spatially separated so there is an autarkic operating mode, 
since the work content can be matched to each other. Working 
at the synchronized operation form, humans and robots 
execute their tasks after each other in the same workspace. A 
cooperating operation form is used when humans and robots 




Fig. 2. Types of Human-Robot-Cooperation [8]. 
A special form is the simultaneous execution of a common 
task. This hand in hand work is called collaboration. In the 
literature, this term is often also used as a collective term for 
HRC. The cooperation of humans and robots enables the use 
of the respective advantages of these resources. The linking of 
these factors, shown in Fig. 3, is the goal of HRC. 
 
 
Fig. 3. Advantages of humans and robots [12]. 
Meanwhile, there are increasing pilot projects in the 
industry which want to use these accumulated benefits 
[13,14,15]. In most cases, pilot projects are laid out to 
sequential operation forms. At Audis production plant, a robot 
takes components from a box and hands it to the human at an 
ergonomic level [15]. These forms of direct interaction are 
very rare, by now. 
The decision on who has to do what work units shall be 
taken in the assembly planning. Current research efforts are 
aimed to use the information that is generated in the assembly 
planning procedure consistently throughout the real assembly 
stations. For this descriptive models are developed, linking the 
virtual world with the real planning assembly system [16]. 
In planning this description models will ensure the 
compatibility of product requirements and skills of the 
equipment to perform the required assembly processes [17]. 
This comparison can be extended useful to the skills of the 
human resource. In relation to human, however, it’s important 
to assure that the resources are used in the context of 
ergonomically acceptable limits. To take account of this 
principle, digital human models are integrated into planning 
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systems to perform an ergonomic assessment. An example 
here is the human model "Jack", which is available as part of 
Siemens Technomatix. 
Due to the variety of different planning objectives 
assembly scheduling is hardly feasible without software 
support [7]. When this complex decision is made once, the 
here presented method will enable planners to make suitable 
skills-based decisions for task assignments in reconfiguration 
situations. 
3. Approach for a skills-based task assignment 
3.1. Description model 
The description model is based on the research results of 
Kluge [17]. Thereafter, the description is divided into three 
scopes: 
 
1. Basic assembly task 
2. Specific task, as an overall description of the product 
requirements and skills of the resources 
3. Parameter, to describe the individual values by which a 
component is assembled 
 
The assembly basic tasks are divided, according to Müller, 
into handling, joining, commissioning, support processes and 
special operations and provide a rough classification of the 
required skills which are contributed directly or indirectly by 
the humans or the equipment, to perform an assembly process 
[18]. The specific task results from the selected basic task and 
clarifies the required skills. Fig. 4 shows the description of the 
basic assembly tasks and specific tasks. 
 
 
Fig. 4. Model to describe the basic and specific tasks [18]. 
A detailing of the specific tasks can be carried out by the 
parameters, so that the assembly process is described in 
sufficient detail for an evaluation with regard to the 
assignment of tasks. The following is a simple example of the 
description of a joining operation, see table 1. 
Table 1. Description of a joining task. 
Basic task Specific 
task 
Parameter 
Name                   Value      Unit (SI) Type 
Joining Pressing 
against 
Component frame  string 
 Min. pressure 20 N real 
  Position 1  int 
3.2. Method of skills-based task assignment 
The method of skills-based task assignment extends the 
method of skills-based assembly planning, created by Müller 
et al., as seen in Figure 5 [19]. It adds the skills of humans to 
this method and draws on the work of Spillner [20]. 
 
 
Fig. 5. Class diagram of the combination of partial models [19]. 
Fig. 6 shows the procedure. The basis is a specific 
description of the tasks in accordance with the description 
model. 
The skills of humans and robots are pairwise compared 
hereinafter in the light of requirements, which are derived 
from the tasks. In most cases, the pairwise comparison can be 
performed on the basis of alphanumeric values. In particular 
for equipment of the automation technology many skills can 
be represented alphanumerically. Human skills, however, are 
only partially alphanumerically comparable. While the 
alphanumeric comparison can be software assisted, a skills 
comparison with respect to the skills of humans must usually 
be carried out by planners manually. 
The pairwise comparison also includes a component by 
component weighting, so that individual skills can get 
highlighted. 
The analysis of the layout includes the equipment (eg 
robots and grippers, etc.), the arrangement of resources in the 
cell, and the ways to safeguard a task-specific cooperation 
between humans and robots. 
The lack of availability of HRC-appropriate equipment, a 
problematic feasibility of the assembly process due to lack of 
HRC-compliant configuration options or a missing safeguard 
security cooperation between humans and robots can already 
lead at this point to cancel the HRC-planning. 
If the analysis of the layout finished with a positive result, 
then the human exposure situation regarding the task content 
needs to be reviewed, which could potentially be allocated 
with the human. The exposure situation is determined by the 
ambient conditions, the body posture and the time regime. 
The exposure situation may cause several job content must 
also be assigned to the robot. 
The potential of HRC can be exploited fully only if the 
human accepts the technical system. Brau rated the 
psychology of HRC so that humans reject working with 
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robots more, the more the robot has a human-like figure. It is 
much more important for the acceptance of that robot, that it 
performs natural and with predictable behaviors [21]. In 
addition, the acceptance can be increased through the early 
involvement of the humans in the system design. 
As part of cost efficiency analysis the compliance with the 
financial conditions will be tested. It is to assess, which 
assignment alternatives are more advantageous and what are 
the potential cost drivers. 
The comparison of the skills of humans and robots is 
integrated in this way in a reasonable procedure description 
that allows an ease of use. 
 
 
Fig. 6. Procedure for planning HRC. 
4. First results 
4.1. Demonstration case 
The demonstration scenario considered here is based on the 
assembly of aircraft fuselages. Fig. 7 illustrates how 
individual components are assembled into sub-assemblies. 
These then form the sections and finally an aircraft fuselage. 
 
 
Fig. 7. The demonstration case deals with the assembly of aircraft fuselages. 
To make the sub-assembly "fuselage shell element", first 
the components must be analyzed to derive requirements for 
the process via the component properties. In Fig. 8 a fuselage 
shell element is shown. It consists of a skin, on which 
stringers are getting applied. The stringers are fixed with the 
help of frames and the frames stabilized by clips. The 
components that make up the fuselage shell element have an 
asymmetrical shape and a low elasticity. The surfaces must be 
free of dirt and process-related residues. 
The assembly of the fuselage shell element follows a 
defined assembly sequence. This sequence, as shown in Fig. 
9, is structured by the assembly priority chart depicting the 
sequence of assembly processes, which are required for the 
completion of the product. It thus delivers the structure and 
the order (parallel; sequential) of the product assembly. 
 
Fig. 8. Focus on the product: Fuselage shell element. 
From the assembly priority chart, the tasks can be 
derived, which have to be carried out within the framework of 
the assembly station. A reconciliation of the identified tasks 
with the skills of the available resources leads then, against 
the background of legal provisions and guidelines as well as 
ergonomic principles, to a reasonable task assignment. 
 
 
Fig. 9. Assembly priority chart. 
4.2. Research demonstration site 
As a validation environment for the skills-based approach 
to the assignment of tasks, a demonstration site was set up at 
Centre for Mechatronics and Automation (ZeMA) in 
Saarbrücken, as shown in Fig. 10.  
This consists of the following major components: 
 
Peripheral equipment: 
x A table on which equipment can be arranged as desired 
x A traverse where the illumination and various assistance 
systems, such as projectors and cameras are mounted 
 
Mechatronic modules: 
x Four kinematic units, which take over the function of 
highly customizable fixtures. 
x A UR 10, which is used as a process robot. 
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x Various equipment that is necessary for the process, such 
as a plasma torch, a system to control the dosing of the 
adhesives, an inspection tool and a laser projector 
 
 
Fig. 10. Research demonstration site. 
Planning environment and control: 
x A planning and simulation software 
x A PLC-based control 
 
By implementing a model-based control, tasks can be planned 
in the simulation and implemented directly on the equipment 
[22]. In addition, it provides the possibility to control the 
equipment directly from the simulation. 
4.3. Results with respect to the application scenario 
The application scenario already described comprises four 
basic processes. The specific tasks were analyzed. From the 
specific tasks the task-specific requirements were derived and 
compared with the skills of the human and the robot. Fig. 11 
summarizes the main features of ability along the basic 
processes. Using the example of the plasma activation, it is 
apparent that the robot provides the skill of an integrated 
process control and can guarantee a constant process speed 
and a constant process distance. For this, however, additional 
sensors are required. The human cannot ensure a constant 
process speed, yet a constant process distance. For process 
control, humans must be checked by additional systems. The 
advantages of humans are a high flexibility with which 
different workspaces can get worked on. 
 
 
Fig. 11. Comparison of the task-specific skills. 
An analysis of the process parameters of the plasma 
process has revealed that the desired improved adhesion effect 
can be realized well enough in the context of a process 
executed by the human. Thus, this process can be performed 
either by the human or the robot. The situation is different 
when applying the adhesive bead. Applying a defined amount 
of adhesive evenly on the designated place is difficult to 
achieve by the human. The task is thus only assigned to the 
human when the accessibility is difficult or limited. In the 
application shown here, the access at all points is not a 
problem, so the task was assigned to the robot. 
After evaluating all four basic processes, the assignment of 
tasks arises, regarding the application scenarios, as shown in 
Fig. 12. Process type “A” results in a synchronized operating 
mode, in which the human first activates the surface of the 
skin and the component 1 with the plasma torch and the robot 
then applies the adhesive and the human adds the component 
manually. The inspection and documentation is again 
performed by the robot. In process type “B”, a higher 
proportion of automated components is realized at the 
expense of processing time. For example, if the human 
resource is scarce, the proportions of human can be reduced. 
Based on the required set-up time for the robot, the process of 
adhesive application can be carried out here after the plasma 
activation of the component 3. 
 
Fig. 12. Result of the task assignment for the demonstration site. 
5. Summary and Outlook 
It could be shown that the comparison of skills is an 
appropriate basis for an initial assessment regarding a 
reasonable task assignment. However, this must be integrated 
into an overall assessment of procedures that take the other 
aspects, such as layout, ergonomics, acceptability and cost 
into consideration. Through a gradual approach description, 
the process is understandable and user-friendly. 
A major challenge for a consistent evaluation process is, 
bringing together well-quantifiable factors, such as the system 
cost or time and by tends difficult to quantify factors such as 
acceptance. 
The results described here do not include ergonomic 
analysis or detailed profitability calculation. In the further 
elaboration of this procedure, these aspects must be integrated 
into the method. 
While the results of the equipment analyzation is 
performing well and those skills can get integrated into the 
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assessment procedures reasonably, the skills of the humans 
are so far carried out only in relation to abstract humans. To 
use HRC individual skills of real disposable human resources 
can have a significant impact on the effectiveness of the 
overall system. Likewise, the assessment of acceptance must 
be as comprehensive as possible be included in the decision. 
Further research will aim to bring the skills-based task 
assignment with respect to the human closer to the real 
resources available in the company and thus to increase the 
consistency of the decision. Planner thus will have more 
flexibility in task assignment. If e.g. required skills are not 
available on the human side, an automation solution might be 
profitable, even against the background of automation costs. 




Fig. 13. Picture of the demonstration site. 
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